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Graphene superlatives (from Andre Geim)

• Thinnest imaginable material

• Strongest material “ever measured” (theoretical limit)

• Stiffest known material (stiffer than diamond)

• Most stretchable crystal (up to 20 percent)

• Record thermal conductivity (outperforming diamond)

• Highest current density at room temperature (million times

higher than Copper)

• Highest intrinsic mobility (100 times more than Silicon)

• Conducts electricity even with no electrons.

• Lightest charge carriers (massless).

• Longest mean free path at room temperature (microns)

• Most impermeable (even Helium atoms can’t squeeze through).
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Moore’s Law (1965): The number of transistors that can be

placed inexpensively on an integrated circuit has doubled

approximately every two years. The trend has continued for more

than half a century and is not expected to stop until 2015 or later.
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Will graphene extend Moore’s law beyond Silicon?
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Graphene is a 2-dimensional array of carbon atoms

with a hexagonal lattice structure:
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A carbon atom has four valence electrons. Three of these electrons

form strong covalent σ-bonds with neighboring atoms. The fourth,

π-orbital is un-paired.

L. Pauling 1972 “The Nature of the Chemical Bond”
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Band structure of graphene
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Drude-Sommerfeld model of metals = Free electrons in a

box + quantum mechanics + Pauli exclusion principle

results in a Fermi Surface and many of the properties of metals.
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Band structure of graphene
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Relativistic spectrum of massless electrons

E(k) = h̄vF |⃗k|
vF ∼ 106m/s ∼ c/300, good up to ∼ 1ev

The Dirac equation[
ih̄
∂

∂t
+ ih̄cα⃗ · ∇⃗+ βmc2

]
ψ(t, x⃗) = 0

normally describes the quantum physics of a relativistic electron

traveling at speeds comparable to light, c = 299, 792, 849 m/s.
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The Dirac equation in condensed matter

• unusual electronic properties:

redo all of semiconductor physics with

Schrödinger → Dirac

• explore issues in relativistic quantum mechanics which are

otherwise inaccessible to experiment

• exploit the mathematical beauty of the Dirac equation
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Graphene began its life as a hypothetical material
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As a starting point for analysis of graphite
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As a model of emergent quantum electrodynamics in two

space dimensions
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Graphene was produced and identified in the
laboratory in 2004
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TEAM Electron Microscope image

Jannik C. Meyer, C. Kisielowski, R. Erni, Marta D. Rossell, M. F.

Crommie, and A. Zettl, Nano Letters 8, 3582 (2008).
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Emergent Flatland

Modeling of the fundamental world is not restricted to four

dimensions

For example, string theory is in ten dimensions.

Simplified models and other examples of the complex behavior of

the dynamical systems involved often involve models in other

dimensions.

Circa 1975-1985 model building in particle physics revealed a

number of interesting mathematical structures, some of them in

quantum field theories which exist only in 2 space and one time

dimension.
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Emergent Flatland

Circa 1975-1985 model building in particle physics revealed a

number of interesting mathematical structures, some of them in

quantum field theories which exist only in 2 space and one time

dimension.

They might be relevant to modeling physics which, for some

reason, occurs only in a plane.

Some “planar” physics – the quantum Hall system – was of intense

interest at the time.

Field theory models were interesting because they exhibit

“topological phenomena” – things that you can learn about a

complex dynamical system without doing detailed calculations.

It would be a shame if nature did not make use of these ideas.
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Atiyah-Singer Index theorem – predicts the number of

quantum states of the electron at the apex of the Dirac cone.

For example, in a magnetic field,

(total number of states) ∼ (total magnetic flux).
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K. Novoselov et. al. Nature 438, 197 (2005)

Y. Zhang et. al. Nature 438, 201 (2005)

σxy = 4 e2

h

(
n+ 1

2

)
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Relativistic Quantum Field Theory

• “Zitterbewegung”: “jittery” motion due to large fluctuations of

velocity ∆v ∼ c.

• “Klein paradox” ↔ unsuppressed quantum tunneling through

barriers

• “Schwinger effect” – production of particle-antiparticle pairs of

charged particles in and electric field

• Supercritical Z > 137 atoms relativistic hydrogen atom

unstable if Z is large enough – graphene Zcrit ∼ 1

• Curved space ↔ stress, strain, corrugations

• Dynamical issues, Mass condensates, topological effects

PITP Lectures on Quantum Phenomena, January 12, 2011



Zitterbewegung is directly related to the fact that graphene remains

a conductor even when the electron density vanishes.
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Klein Effect
O. Klein, Z. Phys. 33, 157 (1929)

M. Katsnelson, K. S. Novoselov and A. Geim, Nature

Physics 2, 620 (2006)

Unsuppressed tunneling through a potential barrier

(attempts to observe in QED in collisions of large Z nuclei)
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For some applications, such as field effect transistors, it

would be desirable to be able to gap the spectrum in a

controllable way.

This is related to the problem of chiral symmetry breaking in

quantum field theory of the strong (nuclear) interactions.

However, the interactions between electrons in graphene seem to be

too weak to drive such dynamical effects.

Dynamical chiral symmetry breaking is seen in large magnetic

fields. The fractional quantum Hall effect has also been observed.
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Graphene for electronic devices

• Easy to make and manipulate, low-tech means of production

• room temp. Hall effect

• 100 GHz transistors already (IBM), speculation about

terrahertz electronics

• single molecule detectors (Manchester),

• production of 30” sheets, graphene touch-screens within 3 years

(Samsung)
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Physics Today, Jan. 2006

“Microelectronics engineers are paying attention. In semiconductor

heterostructures used to make FET devices for instance it takes

million-dollar epitaxy machines and exquisite care to tie up

dangling surface bonds and eliminate impurites in quantum wells.

The preparation minimizes the scattering of electrons against

interfaces and defects to ensure the largest electron mean free paths

in the device.

But in graphene, just 1 Angstrom thick, scientists have a material

that is relatively defect free and whose electrons have a respectable

mean-free path naturally, without materials manipulation and

processing.”
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Conclusions

• Graphene is a relativistic 2-dimensional material.

• Relativistic quantum mechanics and field theory – “the only

massless Dirac particles in nature”

• Semi-conductor physics with the Dirac equation.

• Electron-electron interactions almost non-existent in native

graphene AND important for Hall states, symmetry breaking

and fractional Hall effect.

• Promising for electronics technology

-low-tech means of production

-strong, soft material, high melting temperature

-high electron mobility, low dissipation, -room temp. Hall effect

- 100 GHz transistor (IBM), single molecule detectors

(Manchester), production of 30” sheets, graphene touch-screens

within 3 years (Samsung)

PITP Lectures on Quantum Phenomena, January 12, 2011



Thank You!
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